Biology has always motivated engineers to come up with efficient and reliable machines to move in complex environments. The dexterity, softness, and body compliance of natural system such as cephalopods or caterpillars have inspired robotic engineers to incorporate soft, deformable materials such as gels and elastomers into their designs.
Introduction
Mainstream robots are made of rigid materials that resist elastic deformations. Rigid, hard, and inflexible robots can be precise and powerful, but they lack the multifunctionality of natural organisms [1] . As the field of robotics expands and evolves beyond the boundary of manufacturing and industrial automation towards health care, field exploration, and human-robot collaboration, the involved agents are less rigid and more open to specialized mechanical compliance. A new paradigm of robotics called "soft robotics" has evolved to incorporate human-robot interaction into the biomedical robotics realm.
In Fig. 1 , elastic properties, yield point behaviour, and plastic deformation of various classes of materials are portayed, and the gap between rigid and soft material is outlayed clearly. As per the description depicted in Fig. 1 , soft materials such as human skin and cartilage possess Young's moduli, E, of much smaller magnitude (E ∼ 10 4 -10 9 Pa) than rigid materials (E ∼ 10 9 -10 12 Pa) such as metals and hard plastics. Characterizing the transition from hard to soft material and vice versa is crucial, as almost all Figure 1 . The transition from soft to rigid materials by Young's modulus [3] .
living organisms come with a combination of both however with an exception to many invertebrates that do not have skeleton and can live perfectly fine. Therefore, there is some benefit on mixing hard and soft components, when completely soft and completely hard structures are good to complementarily accomplish different kind of goals. A clear understanding of biological soft actuation mechanisms that function in a complex environment can undoubtedly provide indispensable knowledge to further the application of soft robotics to rescue operations, disaster management, health care, human assistance, etc. [2] .
Compared to rigid bodied robots; soft robots are continually deformable, resilient, and possess relatively high compliance [4] - [6] . These characteristics provide soft robots an incredible agility to adapt to new environments and move through narrow places. They can also collect and send valuable information to humans in highly sophisticated biomedical applications and rescue operations. Though soft robots provide a huge range of possibility in the future of bio-inspired robotics, this technology comes with its own set of challenges as well. For example, it is challenging to design flexible actuation systems capable of high forces that replicate the functionality of muscles in the animal body. Soft robotics systems can be complex because the ability of soft animals to change body shape depends on a number of muscles distributed over the body.
In this article, we have focused our discussion about soft robots applied to the biomedical field and the associated challenges including actuation, fabrication, design, and control. Through the initial parts of our paper, we delved in soft robotics application towards promising medical fields while towards the end we touch upon the persisting grand challenges with a possible solution for a better human-machine social interaction.
Biological Inspiration
The significant role that natural organisms have played over time in motivating engineers to make ever more capable machines for various applications is truly fascinating [7] , [8] . There are many lessons learned from biological systems such as distributing stress throughout body and adapting to a rapidly changing environments, which have been used to improve soft, flexible robots. These soft bodied machines have special advantages of softness and body compliance over the rigid links and joints offered by their rigid-body robot counterparts [9] . Most rigid-bodied robots are unsafe for interacting with humans, making them undesirable for human-in-the-loop cooperative operations. On the other hand, soft robots have unprecedented adaption, compliance, and flexibility [2] to deform continuously with high degrees of freedom (DOFs) [8] .
There are innumerable examples of soft, mobile structures in nature, which can be successfully implemented in man-made structures. A muscular hydrostat is a biological structure that can bend, twist, and extend easily [4] . Soft invertebrates such as squid, jellyfish, and giant earthworms deform their bodies simultaneously for adaptation with the surrounding medium and better access to food and shelter. Many researchers are focusing their studies on octopuses, which extend their limbs quite quickly [10] especially when striking their prey [11] . The fundamental understanding of morphology and structures of these arthropods and invertebrates will help developers create novel, robust soft robot designs [12] - [14] .
Soft Robotics in Biomedical Applications
Fabrication of soft robots requires materials such as gels and elastomers that are generally classified as organic materials and assumed to be biocompatible in nature. Thus, the inherent characteristics of soft robotics make them useful for a range of biomedical applications such as surgical manipulators, wearable robots for human-motor interactions, cooperative robots for safety interactions, and many others. Over the last few decades, rapid advances in synthetic biology have created a huge demand for scientists to incorporate research discoveries into the creation of the next generation of biomaterials. Biomaterials research is important for uncovering novel materials for soft, flexible robots to be used in medical care. There are already thousands of biological substances such as fats, proteins, and sugars, which can readily be used for structural components of biodegradable, biocompatible, environmentally friendly soft robotics applications [15] . Here, we have delved into the domain of biomedical engineering and highlighted some emerging biomedical applications, which will push scientists to overhaul the way we think about robotics.
Soft, Flexible Robotic Surgery: A New Paradigm of Soft Robotics
To overcome long persisting limitations in current surgical instrumentations, minimally invasive robotic surgical systems aim at providing remote tele-operated diagnosis and treatment through small incisions with their slim and dexterous robotic manipulators. Currently, robotic engineers try to emulate design principles from biology when creating novel medical devices. With the overarching progress in surgical robotics depicted in Fig. 2 , it is clear that there has been a longstanding need in minimally invasive surgery (MIS) for surgical tools that can go through narrow gaps, interact with soft organs, and move, deform, or change stiffness. Drawing upon biology, scientists design a novel variable stiffness manipulator for surgery [16] . Soft, dexterous, and highly flexible surgical manipulators are ideal for MIS applications because they are: (i) able to squeeze through small incisions gaps, (ii) inherently soft and compliant because of their similar stiffness (Young's modulus) to human soft tissues, (iii) easy to scale and modularize, (iv) low cost due to the easily available low-cost soft materials, (v) biocompatible, and (vi) disposable. Here, we list the reported surgical platforms developed based on soft, flexible, dexterous robotics, which have the potential to completely change surgical procedures.
Soft Flexible and Learnable Surgical Manipulators
Integrating lessons learned from biology, cognitive science, robotics, and medical sciences can reform the way we look 70 Figure 2 . Milestones of surgery and its evolution [16] , [17] . surgery through MIS. Next generation manipulators intended for surgery should be thin, flexible, and/or soft so they can squeeze through narrow channels and function in tight, remote body areas that are difficult for surgeons to access with conventional medical manipulators. A modular and curvilinear structure arm called STIFF-FLOP was proposed to safely monitor with surgical environment through compliance and flexibility [17] - [19] . To enhance more robust and optimal solutions of STIFF-FLOP method, an analytical technique with experimental validation has been conducted by a team of researchers, which can pave the way for flexible surgical tool development much faster [20] . As demonstrated in Fig. 3 the proposed variable stiffness robot arm can have the potential to be applied not only to MIS (e.g., endoluminal surgery, NOTES) but also to activities including bomb defusing, disaster management, rescue operations, and inspection of complex engineering systems (Fig. 3 ).
Biologically inspired robotics enhances the use of flexible modular surgical tools so that it provides a much smoother life for surgeon and patient. For example, octopus tentacles motivated engineers to come up with novel solutions for developing the surgical tools [21] . A revised kinematic model was proposed here, and a cable-driven soft manipulator was designed for testing in live animal heart ablation. Mortality and morbidity are some important governing factors in cases of pancreatic cancer and chances of failure in laparoscopic pancreaticoduodenectomy are not out of scope due to sharp, rigid nature of forceps and surgical tools. To counteract this, a shape deposition manufacturing technique was used for soft, flexible, deployable atraumatic graspers in surgery [22] . A 3D-printed soft cable-driven manipulator combined with MRI for improved neurosurgery to remove brain tumors [23] . A micro pneumatic actuator was developed that can bend up to 115
• due to the mechanical properties of PDMS and Ecoflex [24] . Surgical techniques are advancing steadily into the realm Figure 3 . Schematic of a flexible surgical manipulator [19] .
of soft robotics for MIS with high accuracy, precision, and safety.
Soft Robots in Rehabilitation
Robots promise a positive shift in the field of physical rehabilitation. During last two decades, there has been a sharp increase of researchers working towards rehabilitation robotics therapy for patients with motor disease caused by stroke and spinal cord conditions [25] . Instead of hard, non-dexterous robots, researches are currently shifting more towards soft wearable robots, which can safely interact with people [26] . As an example in the domain of co-robotics, a soft active ankle-foot orthotic can be useful to prevent foot dragging for gait abnormality patients [27] . . Robot-assisted rehabilitation: (a) exoskeleton -the bionic walker; (b) humanoid co-robot for elderly care, rescue operation, and disaster management; (c) "second skin" for human motor interaction; (d) wearable keyboards; (e) soft glove for rehabilitation [32] - [35] .
Soft wearable robots are also promising for improving the life of patients suffering from stroke or brain injuries by providing assistance with grasping and other motor tasks. Soft hand orthotic robots can perform a task as artificial muscle popularly named as second skin [28] , which compensates body's impaired motor function cooperating with healthy tissue [25] .
Soft Wearable Device
A single flexible sensor is been set to include soft wearable input device, which has put the robotic community even closer to achieving skin-like tactile sensing. Soft robotics combine flexibility and elasticity, puts to a new promising horizon of wearable sensors and tactile interfaces that calls for stretching several times and yet functional [29] - [31] . To extend the possibility of soft wearable electronics further, a nice, lucid example of thin, transparent elastomeric sheet embed with conductive liquid micro channels for wearable keyboards [32] . On the other hand, an active soft orthotic device is developed to ameliorate neuromuscular disorder [33] . As demonstrated in Fig. 4 wearable soft robots are a new genre in the soft wearable medical device platform, and they come with their own challenges in design and fabrication posed by actuation, sensing, and control (as illustrated in [34] for lower limb measurement of human body) (Fig. 4) .
Tissue Engineering: Artificial Skin/Nervous Tissue
Soft elastomeric materials provide a new platform for bioengineered hybrid devices [36] . There is a widely accepted report of creating a flexible biohybrid microsystem, which mimics the human lung alveolus-capillary interface [37] .
For reproducing the clinical mechanical effect of breathing, researchers have published a tissue-engineered jellyfish, which can swim by growing cardiac muscle cells [38] . As we discussed previously, biomaterials are frequently used for MIS, and the tissue growth is made from biopolymers scaffolding, e.g., silk [39] . Studies have shown that soft robots can be designed with biomaterials that are capable of delivering drugs locally [40] or even depositing materials, which can be used as a scaffold for tissue engineering [41] . There are instances where soft robotics fabrication goes far beyond traditional tissue engineering -with current techniques, muscle cells can be grown as a 3D printed hydrogel structure [42] . Recently, researchers at National University of Singapore (NUS) reported that their development of a millimeter size soft pneumatic actuator (SPA) for enclosing sciatic nerve of rat, promising a nice platform for future biological soft tissue research. The research was followed by a novel, highly scalable, shape engineering fabrication method and supported by a modeling and characterization approach. This work paved the way for future research in shape engineering by using mathematical modeling to achieve higher sophistication and wider range of sub-millimeter scale biomimetic applications [43] . Soft robots built from biological materials and living cells inherit the advantages of these materials: they have extraordinary potential for self-assembly (from molecular structures to integrated devices); they are powered by energy-dense, safe, hydrocarbons such as lipids and sugars; and they are biocompatible and biodegradable, making them a potentially green technology. The primary robotic components needed are: (i) actuators (synthetic or living muscles); (ii) a mobile body structure (built from biopolymers in any desired configuration); and (iii) a supply of biofuel (e.g., mobilizing glucose or lipid reserves in the body cells of the robot). Such robots could be built (or grown) by using parallel fabrication methods; therefore, they also 72
Bio-microfluidics Applications
Microfluidic technology poses a new paradigm shift in biomedical cell biology in vitro research as microfluidic channels are assumed to mimic largely the confinement effect introduced by micro confinement of physiological pathways [44] . Recently, researchers have been using microfluidic channels to fabricate soft robots that mimic biological networks. As an example, this microfluidics technique is combined with pattern and color to provide camouflage display of soft robots that mimic the cephalopod's appearance [45] . There are numerous other occasions where researches used soft lithography techniques adapted from microfluidics to design effective pneumatic actuators rooted with paper or cloth for soft biological machines [46] - [48] . In the near future, soft microfluidic circuit fabrication from photolithography will advance the design of pumps, valves, and relays to support the emerging field of novel actuation and stretchable electronics that will reinforce the field of soft-matter engineering further [1] .
Challenges in Soft Robotics

Soft Material and Polymers: Design and Fabrication Challenges
The transition from a hard conventional robot to its soft counterpart depends on its underlying materials [4] . The materials, and spatial orientation of the materials, used for soft robots allow for deformable, dexterous, soft interfaces, but the fabrication process poses a challenge for robotic engineers. Currently, soft robotic researchers frequently use state of the art 3D printing and soft lithography fabrication techniques [49] - [52] , stretchable electronics with wavy circuits [53] , [54] , soft microfluidic channel with conductive liquid [55] , highly stretchable smart textiles, wearable computing, etc. The next challenge is to 3D print active, multimaterial components into a single packet for final use [56] - [58] . Though this 3D print technology, revolution puts a milestone in the scientific community, it should be mentioned that unlike conventional rigid robots, soft robots require design and manufacturing from scratch, which makes knowledge transfer critical. For example, there are very few well-characterized soft materials that can be used extensively for the 3D printing -therefore, the field of soft robotics is a fertile land for future chemists to discover new polymers. To make this polymers work for a suitable desired task in most optimum manner, a well qualitative direct actuation performance comparison is a must choice. In Table 1 , we unveil the classification of actuation methods with traditional approaches such as motors and cables for the sake of completeness.
Computation and Control Challenges
In comparison to rigid, inflexible, conventional robots, soft robots theoretically possess infinite DOFs making control extremely challenging. The materials used for soft robotics are generally non-linear in nature, which makes it exceedingly difficult to predict the empirical coefficient that can mimic the experimental non-linear elastic behaviour, damping coefficients, interfaces between materials, and friction [65] . As soft materials are continuous and deformable [66] , the optimal control of the new generation of soft robots needs the state variables of body posture, which are missing as the design parameters are continually changing with deformations, and difficult to address with classical mechanics. The computations become even more difficult if the actuator is to generate optimum force and torque for a desired application. For example, electroactive polymers require very high voltage (in kV range) to operate, while low voltage ionic polymer metal composites are insufficient to generate enough force and thrust. Pneumatic actuators need an extensive additional pressure infrastructure, while shape-memory alloy (SMAs) has serious trouble with overheating and surface damage.
There is ongoing research in simulating continually deformable, highly compliant, flexible bodies using piecewise constant curvature (PCC) model [67] , Bernoulli-Euler beam mechanics [68] for deformation prediction, or inverse kinematic algorithm. Each of these standard approaches to modelling bio-inspired robotic systems comes with its own challenges. For example, PCC does not necessarily guarantee to incorporate all characteristics of soft robots, for which non constant curvature model is being introduced recently [69] . On the other hand, inverse kinematics does not include the whole soft body, and even the end effectors poses are not included in solutions. To illustrate additional state of the art simulation and control approaches in the soft robotics field, we have listed in Table 2 some interesting recent articles (from the year 2010 onwards) and challenges faced therein. Though dynamic modelling somewhat mimics the high deformation of soft materials, interfacing control will be a great challenge as it requires a model-based prediction. So as dynamic modelling progresses, there is a great need to update control algorithms to fit real-time, complex situations.
Commercial Challenges
Soft robots have great potential to be applied in industrial automation and health care realms. As per the prediction projected by ABI research, the market of personal robots may undergo a sharp fall from previous estimates to $6.5 billion by 2017 [85] , which leaves engineers no choice but to focus more on cost-effective, flexible, soft robots. But, this emerging technology has many challenges to overcome before it can be widely commercialized. First, it is extremely difficult for start-ups to sell directly to end users or to collaborate with large manufacturers as they typically want to partner up with companies which already demonstrate an operational track record and financial stability. Second, even if there is financial support for R&D and marketing activities, obtaining regulatory approval for medical applications takes a long time (5-10 years), which means investors need to commit to financial support for a long period of time.
There is no doubt that in the near future, market demand will influence the commercialization of soft wearable machines and medical robotics. Apart from manufacturing scalability, consumer interests, and efficient and viable technical solutions, "soft robots" will face great pressure to be inexpensive and optimized to meet the steep market demand. The great advancement of electronics integrated chip (IC) and microfluidics network in the last few decades follow Moore's Law nicely, while soft robots have yet to climb that ladder and face great challenges in the future. However, according to Bank of America Merrill Lynch research, medical robots business is expected to grow at a much faster rate to reach $18b by 2022 even though compared to industrial robots, medical robots adoption is still at an early stage, with 1,224 units sold for $1.3b in 2014, only accounting for 5% of total robots sold [86] . On a final note to sum up, Prof. George Whitesides -in an interview with Prof. Barry Trimmer -clearly explained that the field of "soft robot" actuators is still in its nascent phase and will be commercially challenging for researches to explore in the near future [87] . 
Conclusion
It is evident by now that soft robots bring a new way to look into robotics for future generations, which will attract investors and companies for product commercialization. It is also to be noted here that soft robotics offer the potential not to compete with conventional robotics, but to tackle a set of problems that existing technologies have not been able to solve. The vast biomedical applications of soft robotics in rehabilitation, tissue engineering, soft biological cell biology, flexible surgical manipulators, etc. are overwhelming and call for a serious investment in research focused on the fabrication and material synthesis of flexible, dexterous, and cost-effective cross-linked polymers. There are abundant examples of soft robotics revolutionizing areas beyond biomedical research, such as disaster management, rescue operations, and field exploration. The question that stands now is whether innovations in rapid prototyping techniques such as soft lithography and 3D printing will allow manufacturers to print an entire robot that will be inexpensive, easy to use, and satisfy market demand. We can only be optimistic and work together to make this new technology grow faster and bring out a sustained environment in which human-robot interaction can rise to a new level.
